A study i s being conducted a t t h e NASA Lewis Research Center t o i n v e s t i g a t e t h e mechanism t h a t causes free-stream turbulence t o increase heat t r a n s f e r i n t h e stagnation r e g i o n o f t u r b i n e vanes and blades. The work i s being conducted i n a wind tunnel a t atmospheric c o n d i t i o n s t o f a c i l i t a t e measurements o f turbulence and heat t r a n s f e r . The model s i z e i s scaled up t o s i m u l a t e Reynolds numbers (based on t h e leading-edge diameter) t h a t a r e t o be expected on a t u r b i n e blade l e a d i n g edge. Reynolds numbers from 13 000 t o 177 000 were run i n t h e present t e s t s .
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Spanwise-averaged heat t r a n s f e r measurements w i t h h i g h and low turbulence have been made w i t h 'rough" and smooth surface stagnation regions. For smooth surfaces t h e boundary l a y e r remained laminar even i n t h e presence o f free-stream turbulence. I f roughness was added, t h e boundary l a y e r became t r a n s i t i o n a l as evidenced by t h e heat t r a n s f e r increase w i t h i n c r e a s i n g d i s t a n c e from t h e stagnation l i n e . ,
Hot-wire measurements near t h e s t a g n a t i o n r e g i o n downstream o f an a r r a y o f p a r a l l e l wires showed t h a t v o r t i c i t y i n t h e form o f mean v e l o c i t y g r a d i e n t s was a m p l i f i e d as t h e f l o w approached t h e s t a g n a t i o n region
. C i r c u m f e r e n t i a l t r a v e r s e s o f a hot-wire probe near t h e surface o f t h e c y l i n d e r showed t h a t t h e f l u c t u a t i n g component o f v e l o c i t y changed i n character depending on free-stream turbulence and Reynolds number. F i n a l l y smoke-wire f l o w v i s u a l i z a t i o n and l i q u i d -c r y s t a l surface heat t r a n s f e r v i s u a l i z a t i o n were combined t o show t h a t , i n t h e wake o f an a r r a y o f p a r a l l e l wires, heat t r a n s f e r was lowest where t h e f l u c t u a t i n g component o f 
INTRODUCTION
I n gas t u r b i n e blade design, p r e d i c t i n g heat t r a n s f e r i n t h e s t a g n a t i o n r e g i o n i s c r i t i c a l because t h e heat f l u x i s u s u a l l y h i g h e s t i n t h i s region. The h e a t t r a n s f e r i n t h e s t a g n a t i o n r e g i o n can be p r e d i c t e d i f t h e free-stream f l o w i s l a m i n a r ( r e f . 1 ) . I n a gas t u r b i n e , f l o w s a r e h i g h l y t u r b u l e n t , w i t h i n t e n s i t i e s o f 8 t o 15 percent. I f t h e t u r b u l e n c e i n t e n s i t y i n t h e f r e e stream i s h i g h e r t h a n 1 percent, h e a t t r a n s f e r i n t h e s t a g n a t i o n r e g i o n i s augmented.
Flow i n t h e s t a g n a t i o n r e g i o n o f a t u r b i n e blade can be simulated by a c y l i n d e r i n c r o s s f l o w . There have been many experimental i n v e s t i g a t i o n s o f t h e e f f e c t o f t u r b u l e n c e i n t e n s i t y on heat t r a n s f e r t o a c y l i n d e r i n c r o s s f l o w (e.g., r e f s . 2 t o 6 ) . Most o f these i n v e s t i g a t i o n s have measured an i n c r e a s e i n h e a t t r a n s f e r i n t h e s t a g n a t i o n r e g i o n f o r some increased l e v e l o f free-stream t u r b u l e n c e and then t r i e d t o c o r r e l a t e t h e heat t r a n s f e r i n c r e a s e t o some parameter i n v o l v i n g t h e t u r b u l e n c e i n t e n s i t y . T h i s approach has had l i m i t e d success. Trends a r e c l e a r l y present, b u t t h e r e i s g r e a t s c a t t e r i n t h e data, p a r t i c u l a r l y between t h e d a t a o f d i f f e r e n t researchers.
The mathematical modeling o f s t a g n a t i o n r e g i o n f l o w has been d i v i d e d i n t o s e v e r a l areas. One s e t . o f modelers has attempted t o develop a t u r b u l e n c e model t h a t can be used t o s o l v e t h e two-dimensional boundary-layer equations and p r e d i c t t h e l e v e l o f heat t r a n s f e r ( r e f s . 2, 7, and 8). The r e s u l t s a r e a c o r r e l a t i o n o f t h e m i x i n g l e n g t h o r t u r b u l e n t v i s c o s i t y and t h e P r a n d t l number w i t h o t h e r f l o w parameters.
A more p l a u s i b l e model o f heat t r a n s f e r augmentation by free-stream t u r b u l e n c e i s t h e v o r t e x s t r e t c h i n g model. It i s hypothesized t h a t , as v o r t i c a l f i l a m e n t s w i t h components o f t h e i r axes normal t o t h e s t a g n a t i o n l i n e and normal t o t h e free-stream f l o w a r e convected i n t o t h e s t a g n a t i o n region, t h e y a r e s t r e t c h e d and t i l t e d by t h e divergence o f streamlines and a c c e l e r a t i o n around t h e body. Through c o n s e r v a t i o n o f a n g u l a r momentum t h i s s t r e t c h i n g i n t e n s i f i e s t h e v o r t i c i t y . The increased v o r t i c i t y i s hypothesized t o be t h e cause o f t h e augmented h e a t t r a n s f e r i n t h e s t a g n a t i o n r e g i o n . Some examples o f t h e work on t h i s t h e o r y a r e g i v e n i n references 9 t o 14, and t h e work i s reviewed i n r e f e r e n c e 1 5 . I t was deduced ( r e f s . 9 and 10) t h a t t h e mathematical model allowed o n l y t u r b u l e n t eddies above a c e r t a i n n e u t r a l s c a l e t o e n t e r t h e Hiemenz f l o w ( r e f . 16) boundary l a y e r . Once i n s i d e t h e boundary l a y e r , however, t h e eddies can be broken down i n t o s m a l l e r eddies by t h e a c t i o n o f v i s c o s i t y . The three-dimensional v o r t i c i t y t r a n s p o r t equations were solved f o r a free-stream v e l o c i t y t h a t was p e r i o d i c i n t h e spanwise coordinate. This boundary c o n d i t i o n supplied t h e v o r t i c i t y t o t h e stagnation r e g i o n i n an o r i e n t a t i o n t h a t allowed i t t o be s t r e t c h e d by t h e mean f l o w . A few s p e c i a l cases where t h e p e r i o d i n v e l o c i t y was near t h e n e u t r a l scale have been solved. It was found t h a t t h e thermal boundary l a y e r x i s much more s e n s i t i v e t o e x t e r n a l v o r t i c i t y than t h e hydrodynamic boundary l a y e r .
I n reference 11 measurements o f g r i d turbulence t h a t contained eddies of a l l o r i e n t a t i o n s near t h e stagnation p o i n t o f a c i r c u l a r c y l i n d e r show t h a t eddies w i t h scales much l a r g e r than t h e c y l i n d e r diameter a r e n o t a m p l i f i e d as t h e y approach t h e stagnation p o i n t b u t s m a l l e r scale eddies a r e a m p l i f i e d as t h e y approach t h e c y l i n d e r . These measurements a r e e x t e r n a l t o t h e boundary l a y e r . I n references 12 and 13 a h o t w i r e was used t o measure t h e a m p l i f i c a t i o n o f turbulence near the, s t a g n a t i o n p o i n t o f both a c y l i n d e r and an a i r f o i l . The turbulence was produced by an upstream a r r a y o f p a r a l l e l rods. Spectral measurements were then used t o deduce a so-called most-amplified scale. Flow v i s u a l i z a t i o n w i t h smoke a l s o shows a r e g u l a r a r r a y o f v o r t e x p a i r s near t h e s t a g n a t i o n p o i n t . The a r r a y o f vortex p a i r s i s c l e a r l y o u t s i d e t h e t h e o r e t i c a l laminar boundary l a y e r .
Reference 14 describes a t h r e s h o l d f o r v o r t e x formation near t h e s t a g n a t i o n r e g i o n o f a b l u f f body from t h e wakes o f an a r r a y o f p a r a l l e l w i r e s placed upstream. I f t h e wires a r e t o o f a r upstream o r t h e Reynolds number i s t o o small, no v o r t i c e s a r e formed on a b l u f f body. Heat t r a n s f e r augmentation i n t h e s t a g n a t i o n r e g i o n increases sharply when v o r t i c e s a r e formed.
The s i z e o f t h e v o r t i c e s scales w i t h t h e w i d t h o f t h e upstream disturbance wake and n o t w i t h boundary-layer thickness.
C a l c u l a t i o n s and measurements made i n reference 5 show t h e boundary-layer v e l o c i t y p r o f i l e s t o be e s s e n t i a l l y laminar even i n t h e presence of free-stream turbulence. The temperature f i e l d , however, i s more s e n s i t i v e t o free-stream turbulence. This i m p l i e s t h a t heat t r a n s f e r w i l l be increased more than s k i n f r i c t i o n by free-stream turbulence.
A c o l l e c t i o n o f experimental observations has been assembled here t o c o n s t r u c t a p i c t u r e o f t h i s complex phenomenon. Spanwise-averaged heat t r a n s f e r data a r e presented t o show t h e e f f e c t o f free-stream turbulence and surface roughness on t h e c o n d i t i o n ( l a m i n a r o r t u r b u l e n t ) o f t h e thermal boundary l a y e r . Hot-wire measurements a r e
used t o show how v o r t i c i t y from mean v e l o c i t y gradients i s a m p l i f i e d as i t approaches t h e stagnation region. F i n a l l y a combination o f f l o w v i s u a l i z a t i o n using t h e smoke-wire technique and thermal v i s u a l i z a t i o n using l i q u i d c r y s t a l s i s used t o show t h e r e l a t i o n s h i p between vortex p a i r s produced by mean v e l o c i t y g r a d i e n t s and t h e spanwise heat t r a n s f e r d i s t r i b u t i o n .

APPARATUS Wind Tunnel
A l l t e s t s were conducted i n t h e wind t u n n e l shown schematically i n f i g u r e 1. Room a i r f i r s t flowed through a turbulence damping screen w i t h an 18x18 mesh o f 0.24-mm (0.0095-in) diameter w i r e . Large-scale turbulence from t h e room a i r was then broken up by f l o w i n g i t through a honeycomb o f approximately 12 000 p l a s t i c "soda straws," which were 0.64 cm (0.25 i n ) i n
d e n t i c a l t o t h e f i r s t . A 4.85:l c o n t r a c t i o n ( c o n t r a c t i o n i n spanwise d i r e c t i o n o n l y ) t h e n a c c e l e r a t e d t h e a i r e n t e r i n g t h e t e s t s e c t i o n .
The maximum v e l o c i t y a t t a i n a b l e i n t h e t e s t s e c t i o n was about 46 m/sec (150 f t / s e c ) , and t h e c l e a r -t u n n e l t u r b u l e n c e l e v e l was l e s s t h a n 0.5 p e r c e n t a t a l l f l o w r a t e s .
The t e s t s e c t i o n was 15.2 cm (6.0 i n ) wide b y 68.6 cm (27.0 i n ) h i g h . The models were mounted h o r i z o n t a l l y i n t h e t u n n e l . Hot-wire surveys and smoke-wire f l o w v i s u a l i z a t i o n i n d i c a t e d t h a t t h e c e n t e r 7.6 cm (3.0 i n ) o f t h e t u n n e l was f r e e f r o m t u r b u l e n c e generated by t h e s i d e -w a l l boundary l a y e r . A l l measurements were c o n f i n e d t o t h i s c e n t e r r e g i o n o f t h e t u n n e l t e s t s e c t i o n .
A f t e r l e a v i n g t h e t e s t s e c t i o n t h e f l o w passed t h r o u g h a t r a n s i t i o n s e c t i o n i n t o a 25-cm ( 1 0 -i n ) p i p e , t h r o u g h two l o n g -r a d i u s elbows, i n t o a f l o w s t r a i g h t e n e r , and i n t o an o r i f i c e run. The o r i f i c e p l a t e had a d i a m e t e r o f 19.1 cm (7.5 i n ) . The f l o w r a t e s used i n t h e s e t e s t s were measured w i t h t h i s o r i f i c e . A i r t h e n passed t h r o u g h a 25-cm ( 1 0 -i n ) b u t t e r f l y v a l v e , which was used t o c o n t r o l t h e f l o w r a t e , and t h e n t o t h e b u i l d i n g a l t i t u d e exhaust system.
The temperature o f t h e a i r e n t e r i n g t h e wind t u n n e l was measured b y f o u r exposed b a l l Chromel-Alumel thermocouples around t h e p e r i m e t e r o f t h e i n l e t .
These f o u r temperatures were averaged t o g i v e t h e t o t a l ( o r s t a g n a t i o n )
' temperature.
Turbulence Generators F o r some o f t h e h i g h -t u r b u l e n c e cases a t u r b u l e n c e -g e n e r a t i n g b i p l a n e g r i d o f 0.318-cm (0.125-in) d i a m e t e r rods spaced 1 0 r o d diameters a p a r t was i n s t a l l e d 79.6 r o d diameters upstream o f t h e model l e a d i n g edge. F o r t h e f l o w v i s u a l i z a t i o n t e s t s and some o f t h e h e a t t r a n s f e r t e s t s an a r r a y o f p a r a l l e l 0.051-cm (0.020-in) diameter w i r e s spaced 12.5 w i r e diameters a p a r t was i n s t a l l e d 547.5 w i r e diameters (4.21 c y l i n d e r d i a m e t e r s ) upstream o f t h e model l e a d i n g edge. F o r t h e spanwise h o t -w i r e t r a v e r s e s t h e same p a r a l l e l -w i r e a r r a y was used, b u t t h e w i r e s were spaced 37.5 w i r e diameters a p a r t .
Hot W i r e Turbulence was measured w i t h a constant-temperature, h o t -w i r e anemometer. S i g n a l s were l i n e a r i z e d , and t h e mean component o f v e l o c i t y was read on an i n t e g r a t i n g d i g i t a l v o l t m e t e r w i t h an a d j u s t a b l e t i m e c o n s t a n t . The f l u c t u a t i n g component was read on a t r u e rms v o l t m e t e r t h a t a l s o had an a d j u s t a b l e t i m e c o n s t a n t . The h o t -w i r e probe was a 4-pm (1.65-pin) diameter, tungsten, s i n g l e -w i r e probe. The h o t w i r e was c a l i b r a t e d b e f o r e each use i n a f r e e j e t o f a i r a t n e a r l y t h e same temperature (tl deg C ) as t h e wind t u n n e l f l o w . The frequency response o f t h e h o t -w i r e system was determined t o be around 30 kHz b y t h e standard square-wave t e s t .
Turbulence s c a l e was e s t i m a t e d by u s i n g an a u t o c o r r e l a t i o n o f t h e h o t -w i r e s i g n a l . The a u t o c o r r e l a t i o n was o b t a i n e d on a dual-channel, f a s t F o u r i e r t r a n s f o r m (FFT) spectrum a n a l y z e r . The area under t h e a u
o b t a i n t h e i n t e g r a l l e n g t h scale.
Smoke Wire
Flow v i s u a l i z a t i o n was accomplished by using t h e smoke-wire technique described i n reference 17. A 0.008-cm (0.
TEST SPECIMENS
Spanwise-Averaged Heat T r a n s f e r Spanwise-averaged heat t r a n s f e r c o e f f i c i e n t s were measured on a 6.6-cm (2.6-in) diameter c y l i n d e r ( f i g . 2 ) . The c y l i n d e r was 15.2 cm ( 6 i n ) long and was made o f wood. Heat t r a n s f e r c o e f f i c i e n t s around t h e circumference o f t h e c y l i n d e r were measured w i t h e l e c t r i c a l l y heated copper s t r i p s ( f i g . 3) . Each s t r i p was 6.6 cm (2.6 i n ) long by 0.51 cm (0.21 i n ) wide and 0.318 cm (0.125 i n ) deep. A Kapton-encapsulated e l e c t r i c heater was fastened t o t h e back o f each copper s t r i p w i t h pressure-sensitive adhesive. A s t a i n l e s s s t e e l sheathed, closed, grounded-ball, Chromel-Alumel thermocouple was s o f t soldered i n t o a groove i n each copper s t r i p . The copper heat f l u x gauges were embedded i n t h e surface o f t h e c y l i n d e r a t 10' i n t e r v a l s around t h e circumference. The average gap between copper s t r i p s was 0.10 cm (0.04 i n ) and was f i l l e
d w i t h epoxy. Although t h e r e were e i g h t copper s t r i p s , o n l y t h e i n n e r s i x s t r i p s were used as measuring gauges; t h e o u t e r two served as guard heaters t o minimize heat l o s s by conduction. Guard heaters were a l s o used on t h e ends o f t h e copper s t r i p gauges ( f i g . 2 ) . A guard h e a t e r was a l s o used behind t h e measuring gauges t o stop r a d i a l heat conduction t o t h e r e a r o f t h e c y l i n d e r . A t h i n coat o f lacquer was sprayed on t h e surface o f t h e c y l i n d e r and t h e copper gauges t o keep t h e copper from o x i d i z i n g and changing e m i s s i v i t y . I n o p e r a t i o n t h e copper s t r i p s were maintained a t a constant temperature by a c o n t r o l l e r described i n reference 19. The data r e d u c t i o n technique used f o r t h e spanwise-averaged model i s a l s o described i n reference 19.
For some o f t h e t e s t s , t h e spanwise-averaged heat t r a n s f e r model was used t o i n v e s t i g a t e t h e e f f e c t o f surface roughness. A c o a t o f c l e a r lacquer was sprayed onto t h e model, and sand was then s p r i n k l e d on t h e wet surface from an o r d i n a r y s a l t shaker. Another t h i n coat o f lacquer then h e l d t h e sand i n place. Since t h e roughness elements were t o o l a r g e t o be measured w i t h a
The maximum h e i g h t of any one roughness element was 0.0572 cm (0.0225 i n ) . The average h e i g h t of t h e roughness elements above t h e s u r f a c e was 0.033 cm (0.013 i n ) , which gave a r e l a t i v e roughness e/D o f 0.005.
An a f t e r b o d y was used w i t h t h e c y l i n d e r f o r some t e s t s t o e l i m i n a t e t h e a l t e r n a t e v o r t e x shedding from t h e r e a r o f t h e c y l i n d e r . The a f t e r b o d y c o n s i s t e d o f a 5
.08-cm (2.0-in) long s t r a i g h t segment t h a t was tangent t o t h e c y l i n d e r s u r f a c e 90" from t h e s t a g n a t i o n l i n e . A 10" wedge then extended downstream and ended i n a c y l i n d r i c a l t r a i l i n g edge 0.3175 cm (0.125 i n ) i n diameter.
L i q u i d -C r y s t a l Models
Spanwise v a r i a t i o n s i n heat t r a n s f e r c o e f f i c i e n t were mapped w i t h t h r e e models ( f i g . 4). One was a c y l i n d e r w i t h t h e same dimensions as t h e spanwise-averaged heat t r a n s f e r model. The second had t h e same dimensions as t h e spanwise-averaged model p l u s t h e afterbody. The t h i r d was scaled t o one-half t h e s i z e o f t h e spanwise-averaged model p l u s t h e afterbody.
A l l o f t h e l i q u i d -c r y s t a l models were constructed by u s i n g t h e techniques i n r e f e r e n c e 18. B r i e f l y , a heater element c o n s i s t i n g o f p o l y e s t e r sheet w i t h a vapor-deposited g o l d l a y e r was fastened t o t h e model s u r f a c e w i t h double-sided tape. Bus bars o f copper f o i l were fastened t o t h e h e a t e r edges, which were p a r a l l e l t o t h e c y l i n d e r a x i s and l o c a t e d a t t h e r e a r o f t h e c y l i n d e r . S i l v e r conductive p a i n t was used t o improve e l e c t r i c a l conductance between t h e copper f o i l and t h e g o l d . A commercially a v a i l a b l e p l a s t i c sheet c o n t a i n i n g c h o l e s t e r i c l i q u i d c r y s t a l s was fastened over t h e h e a t e r w i t h double-sided tape.
The g o l d h e a t e r was checked f o r u n i f o r m i t y i n s t i l l a i r by u s i n g t h e l i q u i d -c r y s t a l sheets t o monitor temperature g r a d i e n t s . The l i q u i d c r y s t a l was c a l i b r a t e d i n a water bath t o determine t h e temperature t h a t corresponded I n operation, t h e c y l i n d e r was heated by passing an e l e c t r i c c u r r e n t through t h e g o l d f i l m . This supplied a u n i f o r m heat f l u x a t t h e s u r f a c e o f t h e c y l i n d e r . E l e c t r i c power t o t h e model was a d j u s t e d so t h a t t h e area o f i n t e r e s t on t h e s u r f a c e turned y e l l o w . N e g l e c t i n g r a d i a t i o n and conduction losses, which a r e small, t h e heat t r a n s f e r c o e f f i c i e n t can be computed as Thus y e l l o w t r a c e s an i s o -h e a t -t r a n s f e r c o e f f i c i e n t contour on t h e model.
Traversing C y l i n d e r
Turbulence measurements near t h e s u r f a c e o f t h e c y l i n d e r were made w i t h a t r a v e r s i n g c y l i n d e r ( f i g . 
e r s i n g c y l i n d e r extended through holes i n t h e t u n n e l w a l l s ; f e l t was used as a seal between t h e c y l i n d e r and t h e w a l l s . The c y l i n d e r could thus be t r a v e r s e d a x i a l l y across t h e tunnel span o r r o t a t e d about i t s a x i s , c a r r y i n g t h e h o t w i r e w i t h i t .
ERROR ANALYSIS
An e r r o r a n a l y s i s was performed f o r each o f t h e spanwise-averaged heat t r a n s f e r data p o i n t s by t h e method o f K l i n e and McClintock ( r e f . 20). The average e r r o r f o r a l l o f t h e data p o i n t s was 5.7 percent, and t h e maximum e r r o r f o r any one data p o i n t was 7.8 percent. E r r o r estimates were n o t made f o r t h e hot-wire and l i q u i d -c r y s t a l data. RESULTS AND DISCUSSION I n t h i s s e c t i o n spanwise-averaged heat t r a n s f e r d i s t r i b u t i o n s around a c i r c u l a r c y l i n d e r i n cross flow, a r e presented f o r h i g h and low free-stream t u r b u l e n c e as w e l l as t h e e f f e c t o f surface roughness. Hot-wire measurements a r e presented t o demonstrate a m p l i f i c a t i o n o f v o r t i c i t y i n t h e f r e e stream as t
h e f l o w approaches t h e stagnation region. F i n a l l y , f l o w v i s u a l i z a t i o n and thermal v i s u a l i z a t i o n a r e combined t o show t h e r e l a t i o n s h i p between vortex
p a i r s formed i n t h e stagnation r e g i o n and spanwise v a r i a t i o n s i n surface heat t r a n s f e r .
Spanwise-Averaged Heat Transfer
Nusselt number as a f u n c t i o n o f angle from t h e stagnation p o i n t was determined f o r t h e f o u r cases ( f i g . 6 ) . A l l o f t h e data were taken a t a Reynolds number o f 177 000 (based on free-stream c o n d i t i o n s and c y l i n d e r diameter). Low-turbulence data were taken w i t h a c l e a r tunnel and hight u r b u l e n c e data were taken w i t h a b i p l a n e g r i d . The g r i d produced turbulence o f about 2.4 percent w i t h a scale o f 0.50 cm (0.20 i n ) . Also p l o t t e d on t h e f i g u r e i s an exact s o l u t i o n o f t h e laminar boundary-layer equations due t o reference 1. The data shown on f i g u r e 6 were f o r t h e c y l i n d e r w i t h o u t t h e afterbody; data taken w i t h t h e a f t e r b o d y i n p l a c e were i d e n t i c a l w i t h i n experimental e r r o r .
Smooth surface -low turbulence. -The agreement between t h e exact s o l u t i o n and t h e smooth-cylinder, low-turbulence data i s w e l l w i t h i n t h e experimental e r r o r and thus confirms t h e accuracy o f t h e experimental method ( f i g . 6).
Smooth surface -h i g h turbulence. -For t h e c y l i n d e r placed downstream o f t h e b i p l a n e g r i d ( f i g . 6) turbulence increased t h e heat t r a n s f e r v i r t u a l l y u n i f o r m l y around t h e circumference (measurements were o n l y made up t o 50' from s t a g n a t i o n ) by about 30 percent. This agrees w e l l w i t h t h e data o f o t h e r observers: f o r example, t h e t h e o r y o f reference 2 p r e d i c t s an increase i n Nusselt number a t t h e stagnation p o i n t o f 27.8 percent f o r these c o n d i t i o n s .
Rough surface -low turbulence. -Adding sand roughness t o t h e c y l i n d e r surface w i t h 0.5-percent free-stream turbulence d i d n o t change t h e heat t r a n s f e r r a t e a t t h e s t a g n a t i o n p o i n t from t h e smooth-surface case ( f i g . 6). As t h e angle from s t a g n a t i o n increased, however, t h e heat t r a n s f e r r a t e a l s o increased, most l i k e l y because boundary-layer t r a n s i t i o n was t r i g g e r e d by t h e roughness elements.
Rough s u r f a c e -h i g h turbulence. -For t h e sand-roughened surface w i t h 2.4-percent free-stream turbulence t h e e f f e c t o f free-stream turbulence was g r e a t e s t nearest t h e s t a g n a t i o n p o i n t , where t h e heat t r a n s f e r r a t e was again about 30 percent h i g h e r than i n t h e low-turbulence case. As t h e angle from s t a g n a t i o n became l a r g e r , t h e high-and low-turbulence data (rough surface) merged as t h e boundary l a y e r became more t u r b u l e n t .
Surface roughness had no e f f e c t on heat t r a n s f e r a t t h e s t a g n a t i o n l i n e b u t changed t h e c h a r a c t e r o f t h e boundary l a y e r i n t h e downstream d i r e c t i o n . It seems t h a t t h e boundary l a y e r on t h e smooth surface remains laminar a t t h e Reynolds numbers t e s t e d ( i . e . , no t u r b u l e n c e i s produced w i t h i n t h e boundary l a y e r ) . Free-stream turbulence somehow a c t s on a laminar boundary l a y e r t o augment heat t r a n s f e r .
Hot-Wire Measurements
Streamwise t r a v e r s e . -A streamwise t r a v e r s e o f a s i n g l e h o t w i r e was performed w i t h t h e w i r e o r i e n t e d p a r a l l e l t o t h e 6.6-cm (2.6-in) diameter c y l i n d e r a x i s and as c l o s e as p o s s i b l e t o t h e plane o f t h e s t a g n a t i o n s t r e a m l i n e . An a r r a y o f 0.05-cm (0.02-in) p a r a l l e l w i r e s spaced 12.5 w i r e diameters a p a r t was l o c a t e d 4.21 c y l i n d e r diameters (547.5 w i r e diameters) upstream o f t h e s t a g n a t i o n p o i n t . This w i r e a r r a y produced v o r t i c i t y ( g r a d i e n t s i n t h e mean v e l o c i t y ) i n an o r i e n t a t i o n t h a t could be s t r e t c h e d and a m p l i f i e d . The t r a v e r s e was made 0.044 t o 3.06 c y l i n d e r diameters upstream o f t h e s t a g n a t i o n p o i n t a t a Reynolds number o f 177 000 (based on c y l i n d e r diameter). It i s t y p i c a l o f a l l t r a v e r s e s made over t h e Reynolds number range (31 000 t o 177 000). The mean v e l o c i t y ( f i g . 7 ) f e l l m o n o t o n i c a l l y as t h e s t a g n a t i o n r e g i o n was approached. The f l u c t u a t i n g v e l o c i t y (rms, f i g . 7 ) , however, f i r s t decayed w i t h d i s t a n c e downstream o f t h e g r i d (decreasing X/D) and t h e n s h a r p l y increased and peaked a t about 0.085 c y l i n d e r diameter upstream from t h e s t a g n a t i o n p o i n t . This peak was f a r o u t s i d e t h e p r e d i c t e d l a m i n a r boundary-layer thickness o f 0.003 c y l i n d e r diameter ( r e f . 16). These r e s u l t s a r e very s i m i l a r t o those o f reference 12.
Spanwise t r a v e r s e . -Two spanwise t r a v e r s e s o f a h o t w i r e o r i e n t e d p e r p e n d i c u l a r t o t h e c y l i n d e r a x i s and centered i n t h e plane o f t h e s t a g n a t i o n s t r e a m l i n e were made. The c y l i n d e r l e a d i n g edge was l o c a t e d 4.21 c y l i n d e r diameters downstream o f an a r r a y o f 0.05-cm (0.02-in) diameter p a r a l l e l w i r e s spaced 37.5 w i r e diameters a p a r t . Both t r a v e r s e s were made a t a Reynolds number o f 31 000 (based on c y l i n d e r diameter) and a r e t y p i c a l o f those f o r t h e complete Reynolds number range. Both t r a v e r s e s a r e presented a t t h e same s c a l e i n f i g u r e 8. For t h e t r a v e r s e taken a t 1.06 c y l i n d e r diameters upstream from t h e . s t a g n a t i o n l i n e , t h e w i r e wakes a r e c l e a r l y v i s i b l e i n t h e mean v e l o c i t y t r a c e . The t u r b u l e n t f l u c t u a t i o n s a r e h i g h i n t h e w i r e wakes and low i n t h e r e l a t i v e l y undisturbed f l o w between w i r e s . A t 0.095 c y l i n d e r diameter upstream t h e mean v e l o c i t y g r e a t l y decreased, b u t t h e depth o f t h e wake increased, an i n d i c a t i o n o f i n c r e a s i n g v o r t i c i t y as t h e s t a g n a t i o n r e g i o n was approached. The f l u c t u a t i n g component o f v e l o c i t y a l s o increased i n t h e w i r e wakes as t h e s t a g n a t i o n r e g i o n was approached.
Turbulent
t a g n a t i o n region, reaches a peak, and then i s damped as i t approaches t h e boundary l a y e r .
6. Heat t r a n s f e r i n t h e s t a g n a t i o n r e g i o n i s h i g h e s t where t h e t u r b u l e n t f l u c t u a t i o n s a r e lowest. This occurs between t h e wakes formed by p a r a l l e l w i r e s upstream and perpendicular t o t h e a x i s o f t h e c y l i n d e r . This corresponds t o t h e r e g i o n between v o r t e x p a i r s , where t h e v e l o c i t y induced by t h e v o r t i c e s i s toward t h e c y l i n d e r surface. Conversely, t h e lowest heat t r a n s f e r occurs where t h e induced v e l o c i t y i s away from t h e c y l i n d e r surface.
7. V o r t i c e s formed i n t h e s t a g n a t i o n r e g i o n from mean v e l o c i t y g r a d i e n t s a r e w e l l o u t s i d e t h e t h e o r e t i c a l laminar boundary l a y e r . 
